Abstract
Toxicity of inorganic Hg to C. finmarchicus 22 23 24 * Corresponding author/address for reprint requests: 25 26 Knut Erik Tollefsen. 27 Norwegian Institute for Water Research (NIVA), Gaustadalléen 21, NO-0349 OSLO, Norway. 28 Telephone/fax: +47 22 18 51 00 /+47 22 18 between primary producers and fish (Jaschnov 1970; Sakshaug et al. 1992 ). Its pelagic life style 5 and impressive filtration rates facilitate exposure to and uptake of environmental contaminants that 6 is increasingly being released into the marine environment by anthropogenic activities such as 7 petroleum-related activities (Hansen et al. 2015 ) and mining-related activities (Farkas et al. 2017 ). 8 Increasing water temperature and ocean acidification have also raised concern about the health and 9 stability of C. finmarchicus populations due to natural and man-made perturbations of key 10 ecosystem processes (Mayor et al. 2007 ; Pedersen et al. 2013 ). The high ecological relevance of C. 11 finmarchicus for maintaining the integrity of the marine pelagic food web, and its potential 12 sensitivity to pollutants and climate change, suggest that this copepod is a good biomonitoring 13 species for the ecosystem health of the North Atlantic Ocean and the Barents Sea, and warrants 14 development of targeted and robust methodologies for effect assessment and environmental 15 monitoring. 16 Biological effects of natural and anthropogenic stressors may manifest itself at various 17 levels of biological organization ranging from molecular responses (e.g. transcription of genes) to 18 fitness-related effects disturbing survival, growth, development and reproduction. Most fitness- 19 related adverse impacts are progressed over time through pollutant-or stressor-facilitated changes 20 at the molecular (transcriptome) level, and such molecular changes can serve as early-warning 21 indicators and biological markers (biomarkers) of an adverse effect. Whereas adverse (apical) 22 effects are often tested in invertebrates using standardized acute and chronic ecotoxicological tests 23 for risk regulatory purposes, tools for assessing sublethal molecular responses are less developed 24 for invertebrate species such as C. finmarchicus. In recent years, successful extraction of high 25 quality RNA from copepods in combination with sequencing and de novo assembly of Calanoid 2014). In a study by Øverjordet et al. (2014) , C. finmarchicus was found to be particularly 7 susceptible to inorganic mercury, affecting transcription of glutathione S-transferase (GST), a key 8 gene involved in the antioxidant defence mechanisms. The presence of as many as 40 GST genes in 9 C. finmarchicus that display differential expression during development, by diet and other natural 10 factors (Roncalli et al. 2015) suggest that high-content toxicogenomics approaches are required to 11 improve the understanding of biochemical processes underlying the sensitivity of copepods to Hg. 12 Exposure to inorganic and organic mercury, common aquatic pollutants worldwide, may 13 affect various biochemical processes relevant for the physiology and fitness of an organism and 14 display considerable tissue-specificity (Stohs and Bagchi 1995) . The mitochondria is frequently 15 suggested as the main target for mercury toxicity in various organisms (Lund, Miller, and Woods 16 1993 ). Accumulation of mercury in the mitochondria is believed to uncouple oxidative 17 phosphorylation (OXPHOS) at cytochrome C (CYCS) of complex III, to inhibit the transfer of 18 electrons to complex IV and V of the electron transport chain (ETC) and reduce the transmembrane 19 proton gradient as the driving force for cellular ATP production (Mieiro et al. 2015) . The release of 20 excessive electrons subsequently cause production of Reactive Oxygen Species (ROS), 21 predominantly hydroxyl radicals, hydrogen peroxides and superoxide radicals, that can lead to 22 oxidative damage of cellular proteins, enzymes, lipids and DNA if not detoxified by the cellular 23 antioxidant defense (Lushchak 2011 ). This detrimental effect of ROS production is enhanced in 24 many cells by a mercury-induced inactivation of thiol (-SH) and seleno (-SeH) containing enzymes 25 and proteins involved in the antioxidant defence (Farina, Rocha, and Aschner 2011) . Mercury also 1 binds covalently to glutathione (GSH) and by excretion of the aggregates from the cell deplete the 2 mitochondrial GSH pool. The cells normally undergo apoptosis, necrosis and autophagy upon 3 exposure to toxic agents such as Hg to disassemble damaged or dysfunctional cell components, 4 where the ultimate effect is loss of cellular function and ultimately death. Although mercury has 5 been extensively studied in aquatic vertebrates, determination of susceptibility and characterisation 6 of molecular responses in marine copepods such as C. finmarchicus are still poorly characterised. 7 The aims of the present work was to characterise the toxicity of inorganic Hg (Hg 2+ ) 8 to 
Materials and Methods

18
Calanus finmarchicus culture 19 The culture of C. finmarchicus was established from stage V copepodites (CV) collected 20 locally in Trondheimsfjorden, Norway, with a Nansen zooplankton net (Ø 70 cm, 180 μm 21 mesh, Hydro-Bios, Kiel, Germany). In the laboratory, the cultures were maintained in running 22 natural seawater in polyester containers (280 L) at 8-10 °C and fed with a mixture of the 23 unicellular algae Rhodomonas baltica, Isochrysis galbana and Dunaliella tertiolecta. The 24 feeding regime was designed to maintain levels >150 μg of algal carbon L -1 in the cultures, 25 which supports normal growth and development of C. finmarchicus (Campbell et al. 2001 Quantitative RTPCR analysis 9 Total RNA (200 ng) was reversely transcribed to cDNA using High Capacity cDNA relative expressions were calculated from the standard curves based on threshold cycle (Ct) 25 and normalized to the geometric mean of reference gene expression (Pfaffl 2001 with a probability (p) level of 0.05. Microarray analysis. 7 Of the total 6610 probes on the array (see suppl. Information -oligoarray design), 98 probes 8 (50 up-regulated and 48 down-regulated), whereof 50 unique probes with high-quality BLAST 9 hits, were identified as differentially expressed after the Hg 2+ exposure (Figure 2 ). The most 10 profound changes in transcription ( A total of 112 GO functions were overrepresented among the DEGs when using data without 1 FDR correction, of which 58 were supported by at least 2 DEGs (Table 3) . Nineteen GO 2 functions were associated with biological processes such as cell proliferation, cellular 3 defensome, metabolic processes, neurotransmission and regulation of biological quality. 4 Twenty-nine functions were related to molecular functions such as binding activity, catalytic 5 activity, and transporter activity. Exposure to mercury also affected genes involved in cellular 6 components such as cell surface (cell membrane), extracellular region and different 7 intracellular organelles. No GO terms were enriched when using FDR corrected data (Suppl.
8 Table S2_GOs ). 
CABIN1 (calcineurin binding protein 1), CYCS (cytochrome c, somatic), CYP24A1 (cytochrome P450, family 6
24, subfamily A, polypeptide 1), GSST1 (glutathione s-transferase isoform d), LRP1 (low density lipoprotein 7 receptor, putative), MGST3 (microsomal glutathione s-transferase, MMP1 (matrix metallopeptidase 1), 8
MMP3 (matrix metallopeptidase 3), MMP9 (matrix metallopeptidase 9), MSN (Moesin), MUC5AC (secreted 9 mucin/mucin 5AC), NCOA2 (nuclear receptor coactivator 2), NT5E (5-nucleotidase domain protein), PCK 10 (phosphoenolpyruvate carboxykinase) and SQSTM1 (sequestosome 1). 11 12
Many of the same DEGs identified to be involved in cellular growth, regulation and respectively), and suggest that Hg 2+ was highly toxic to C. finmarchicus. 20 
21
Transcriptional changes 22 Exposure to mercury may affect various biochemical processes relevant for the physiology and 23 fitness of an organism, and display considerable tissue-specificity. Several genes of potential 24 relevance for the toxicity of inorganic mercury in eukaryotes were identified in the current study 25 and hypothetical MoA in C. finmarchicus proposed below (see Figure 4 , for an overview). eukaryotes is the activation of the nuclear factor-erythroid 2-related factor 2 (NRF2), which 10 binds to the antioxidant response elements (ARE) and transactivates genes involved in repair 11 and removal of damaged proteins, activate acute stress response proteins, increase detoxifying 12 and antioxidant enzymes, and increase the total cellular antioxidant capacity in aquatic As OXPHOS is also dependent on products from glycolysis, the citric acid cycle, fatty organelles and tissues, 5) disruption of calcium homeostasis and signaling, 6) over-excitation of 10 glutamate receptors (neurotoxicity), and 7) modulation of VDR/RXR activity (see Figure 4 for 11 details). The current approach, which was exploratory and hypothesis-generating in principle, was 12 based on a transcriptional profiling using an oligoarray with partial transcriptome coverage and 13 were not specifically addressing temporal-nor concentration-dependent responses. Although 14 useful, phenotypical anchoring to functional changes associated with the MoA proposed would be 15 required to thoroughly assess if the transcriptional changes observed would lead to adverse effects 16 of relevance in C. finmarchicus. Nevertheless, the present study has proposed a suite of biomarkers 17 that can be used in combination with functional endpoints to assess potential toxic MoA of 18 inorganic mercury in copepods. Trondheim, Norway.
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Oligoarray design
The 6.6k Calanus finmarchicus oligoarray (60-mer) were designed on basis of more than 11k Genbank ESTs, resulting into 1877 contigs and 4633 singletons (whereof 49% annotated) when subjected to ESTExplorer contig clustering and assembly followed by probe and sequence redundanct reduction (Supplementary Figure 1, insert) . The majority of the contigs (1800) were composed of 2-4 ESTs, whereas the last 400 were contigs constructed of 5-9 ESTs (Supplementary Figure 1, main) . The probes were replicated at least in duplicate on the array.
